Abstract: For research in the atmospheric boundary layer and in the vicinity of wind turbines, the turbulent 3D wind vector can be measured from fixed-wing unmanned aerial systems (UAS) with a five-hole probe and an inertial navigation system. Since non-zero vertical wind and varying horizontal wind causes variations in the airspeed of the UAS, and since it is desirable to sample with a flexible cruising airspeed to match a broad range of operational requirements, the influence of airspeed variations on mean values and turbulence statistics is investigated. Three calibrations of the five-hole probe at three different airspeeds are applied to the data of three flight experiments. Mean values and statistical moments of second order, calculated from horizontal straight level flights are compared between flights in a stably stratified polar boundary layer and flights over complex terrain in high turbulence. Mean values are robust against airspeed variations, but the turbulent kinetic energy, variances and especially covariances, and the integral length scale are strongly influenced. Furthermore, a transect through the wake of a wind turbine and a tip vortex is analyzed, showing the instantaneous influence of the intense variations of the airspeed on the measurement of the turbulent 3D wind vector. For turbulence statistics, flux calculations, and quantitative analysis of turbine wake characteristics, an independent measurement of the true airspeed with a pitot tube and the interpolation of calibration polynomials at different Reynolds numbers of the probe's tip onto the Reynolds number during the measurement, reducing the uncertainty significantly.
Introduction
For environmental science in the atmospheric boundary layer (ABL), airborne measurements supplement the limited coverage of ground-based measurements or tethered balloons. Manned research aircraft have intensively investigated a wide range of processes and phenomena [1] [2] [3] and unmanned aerial systems (UAS) adopted the measurement techniques of quantities such as temperature, humidity, and the wind vector [4] [5] [6] [7] , but are not limited to these, as shown by Bärfuss et al. [8] for aerosol and radiation measurements, or by Schuyler and Guzman [9] for gas concentrations. The 3D wind vector using multi-hole probes is calculated by the summation of the ground speed vector of the vehicle and the true airspeed vector. By calibration, the pressure readings of the individual holes of multi-hole probes are used to estimate the airspeed vector. With the Numerical models play an important role for wind energy [25] [26] [27] , connecting the gap between wind-tunnel experiments, field measurements with e.g., UAS [6] and simplified empirical models [28] . Even the most expensive numerical simulations imply high uncertainties, since it is challenging to combine precise blade aerodynamics on the small scales with atmospheric dynamics on the larger scales. Especially smaller structures in the wake of wind turbines are poorly resolved in numerical models and not well understood. To be able to compare the data of UAS measurements of the wake of wind turbines with numerical simulations and to validate the models, the uncertainties and errors of the wind measurement are of major importance.
When resolving the complex wake aerodynamics of wind turbines [29] , it is desirable for the UAS to sample with the maximum spatial resolution and therefore with the lowest airspeed possible, while ensuring accuracy. Another important motivation for this study is the question of whether the cruising airspeed of the Multi-Purpose Airborne Sensor Carrier (MASC) can be freely chosen for the wind measurement or if further calibration in the wind tunnel is required to gain this flexibility. For atmospheric research, boundary-layer meteorology, and wind-energy studies, the environment-physics group at the Center for Applied Geoscience (ZAG), University of Tübingen, Germany, designed and built MASC [4, 6] . The airspeed of MASC can be set between 15 and 30 m s −1 , depending on the payload and the targeted flight time or battery load, making it versatile for different scenarios. In low windspeeds the airspeed can be set low to sample with a high spatial resolution or, if a certain feature in complex terrain or in the vicinity of wind turbines is under investigation. In high windspeeds of >15 m s −1 MASC can still be operated safely but the airspeed must be set to ≥25 m s −1 . Another scenario where high airspeeds are beneficial is if the flight distance of the measurement will be maximized, or, vice versa, if the flight time will be maximized. Furthermore, the autopilot keeps a constant descent and ascent rate for vertical profiling. These maneuvers also require a certain flexibility for the cruising airspeed of the wind measurement, since the true airspeed is not set directly. Finally, the true airspeed cannot be set precisely prior to the flight, since the autopilot cannot account for the density of the air and a deviation always persists. For manned aircraft, different Reynolds numbers were studied in the wind tunnel for the Rosemount R858 probe [10, 30] , where a linear proportionality was found for the conversion of pressure readings to flow angles in a certain range of Reynolds numbers. Whether this is possible for the desired range of airspeeds with MASC and its probe, and what the uncertainties and accuracy are, is one of the scopes of this study.
Furthermore, this study investigates the influence of the calibration of the probe, namely the conversion of the pressure readings to flow angles and magnitude, on turbulence measurements. In the literature a similar question was posed by Martin and Bange [31] and Braam et al. [32] who highlighted two important issues. Firstly, airspeed variations cause an uneven sampling of turbulent structures due to the acceleration and deceleration of the UAS, resulting from non-zero vertical wind and gusts. During up-drafts the sampling is denser due to increased airspeed, and vice versa. Secondly, when compared to other measurement systems such as a scintillometer or other ground-based measurements, path-weighting functions must be considered to account for differences between the spatial and the temporal resolution of the measurement of a quantity. The uncertainties of the wind vector measurement and its calibration actually precede those investigated by Martin and Bange [31] and Braam et al. [32] . The influence of the calibration of the probe on turbulence measurements is difficult to investigate in the wind tunnel, and impossible for natural atmospheric turbulence. Since the turbulence in the ABL cannot be measured repeatedly, the way to address these issues is to apply different calibrations from the wind tunnel on the same data of several flight experiments. Flying with different airspeed-settings in a swarm, or similar approaches, would not be comparable. By applying a calibration that does not match the airspeed of the UAS and comparing it with one that does, the uncertainty can be approximated. Furthermore, flight experiments with large changes in the true airspeed of the UAS can be analyzed. By choosing a flight with very low turbulence in a polar, and stably stratified boundary layer (SBL) from measurements during the ISOBAR campaign [33] , and a very turbulent flight from the measurements in complex terrain by [24] , deviations can be analyzed and localized. A single event with large changes in airspeed, namely a transect through the wake of a wind turbine, gives insight in the impact of severe turbulence, the accuracy of the wind measurement and the importance of considering changes of the Reynolds number on the probe's tip.
With the following procedure, this study analyzes the influence of airspeed variations on the wind and turbulence measurement with five-hole probes on UAS in the ABL and in the wake of wind turbines. Three calibrations of the same sensor system are determined in the wind tunnel, plus one additional measurement in the same conditions, to ensure the reproducibility of the procedure. Firstly, the five-hole probe "Pressures-to-Airflow-Vector" conversion and the 3D wind vector measurement is described. Secondly the influence of airspeed variations on mean values and statistical moments of second order are analyzed. Two flight experiments in low and high turbulence were chosen and the horizontal straight level flight segments (legs) on multiple heights are shown to study the different regimes of the ABL. One flight with low turbulence in homogeneous terrain in an SBL in the north of Finland, and one in complex terrain with high turbulence, intensive up-and down-drafts, and sheared flow over a crest in the South of Germany were selected. The influence of the three calibrations at three airspeeds is depicted for mean values and turbulence statistics. The three calibrations in the wind tunnel are applied to the data set and the deviations from each other are displayed. A third flight was chosen and a single event, namely the transect through the wake of a wind turbine, was analyzed to see the instantaneous effect of airspeed variations and the influence of the calibration of the five-hole probe. Subsequently, possible proceedings to improve the accuracy of the measurements are presented. The polynomials of the calibration can be interpolated and an independent measurement of the true airspeed with a pitot tube reduces the uncertainty, especially in high turbulence.
Materials and Methods
The following section briefly describes the method of calculating the 3D wind vector from the pressure readings of the five-hole probe and the data of the INS. Subsequently, the design and tubing setup of the five-hole probe and the procedure of the calibration in the wind tunnel is presented. Furthermore, the UAS MASC is introduced and its flight strategy to derive mean values and turbulence statistics is explained. The circumstances of the three chosen flight experiments to argue the influence of the calibration of the five-hole probe on the accuracy of the wind and turbulence measurements are presented subsequently.
Wind Vector Measurement with Multi-hole Probes
Following Boiffier [34] , and displayed in Figure 1 , we use the Earth coordinate system, or geodetic coordinate system (index g). Furthermore, the body-fixed coordinate system of the aircraft (index b) is used. The origin is in the center of gravity of the aircraft; x faces forward, y faces starboard, and z faces downward when flying horizontally with zero angle of attack. Besides, the aerodynamic coordinate system (index a), oriented by the direction of the flow relative to the aircraft, is used. The aerodynamic coordinate system has the same origin than the body-fixed coordinate system and, with the angle of attack α (positive for air flow from below) and side-slip angle β (positive for flow from starboard), the aerodynamic coordinate system can be transformed into the aircraft coordinate system using the transformation T ba . The aerodynamic coordinate system and the body-fixed coordinate system have the same origin, but a misalignment between the multi-hole probe's orientation and the aircraft cannot be avoided and [20, 34, 35] causes a small difference between the measured flow anglesα,β (in the wind tunnel or during the flight experiment) and the actual angle of attack α and side-slip β. It can be shown thatα ≡ α and thatβ ≈ β for small angles of attack [35] . Therefore, this is neglected in this study. The coordinate systems and angles are shown in Figure 1 . The wind vector w g is calculated [35] using
with the true airspeed vector u b in the body-fixed coordinate system of the aircraft, and the transformation matrix T gb into the geodetic coordinate system. The velocity vector v g of the UAS, as well as the Euler angles Φ (roll), Θ (pitch), and Ψ (yaw or heading) are used to determine T gb and are estimated with an INS, consisting of a GNSS receiver, an Inertial Measurement Unit (IMU) and an Extended Kalman Filter (EKF). The vector of angular body rates Ω b and its lever arm L describe the transformation due to the spatial separation between INS and the multi-hole probe and can be (according to Lenschow [36] ) neglected since the lever arm L is only a few centimeters in our UAS.
With the true airspeed vector u a in the aerodynamic coordinate system, the transformation T ba into body-fixed coordinates and the rotation into geodetic coordinates T gb , Equation (1) can be written as
The true airspeed vector u a in the aerodynamic coordinate system requires intensive calibration of the multi-hole probe. The norm | u a | is calculated with the total air temperature T tot , which is assumed to be adiabatically stagnated on the probe's tip, and the static pressure p, as well as the dynamic pressure increment q.
The quantities p and q are calculated with normalized pressure differences between the pressure holes on the multi-hole probe and the wind-tunnel calibration. The Poisson number is defined by κ = R c p −1 , with R = 287 J kg −1 K −1 being the gas constant for dry air and c p = 1004 J kg
the specific heat of dry air. The true airspeed vector u a must be transformed from the aerodynamic coordinate system into the body-fixed coordinate system using T ba
using α and β. , and g representing, the aerodynamic, body, and geodetic coordinate systems. Ψ is the yaw angle or true heading and Θ is the pitch angle of the UAV. The side-slip angle β and the angle of attack α are located between the aerodynamic and body-fixed coordinate system.
With T gb , which consists of three sequential turnings (rolling, pitching and yawing), the coordinate system (see also Figure 1 ) is transformed from body-fixed into geodetic (index g) coordinates. T 1 (Φ) defines rolling about x b , T 2 (Θ) defines pitching about y b , and T 3 (Ψ) defines yawing about z b .
Finally, the wind vector w g can be calculated with Equation (2) and transformed into meteorological coordinates (index m) using the transformation T mg :
The vector components of the wind vector in meteorological coordinates w m = (u, v, w) are u being positive eastward, v being positive northward, and w positive when facing upwards. The presented data in this study is given in the meteorological coordinate system.
Five-Hole Probe "Pressures-to-Airflow-Vector"
Generally, there are two fundamental approaches to convert the pressure readings to flow angles, stagnation, and dynamic pressure. Firstly, the pressure field around spherical heads can be described by an analytical model derived with potential theory for fluid dynamics, e.g., as with the BAT probe used by Black et al. [37] or the flow probe used by Metzger et al. [11] . Only spheres or elliptic shapes can be reliably described with this frictionless and incompressible formulation of the flow field with a curl free vector field. Cone tips, on the other hand, are generally fully calibrated in the wind tunnel and the cone angle allows for an adjustment of the angle-sensitivity of the measurement. An overview of relevant geometries and aerodynamic probe design, can be found e.g., in the study of Hall and Povey [38] . MASC uses a five-hole probe ( Figure 2 ) with a tip diameter of 4 mm, a cone angle of φ = 60 • , forward facing holes and is calibrated from −20 • to 20 • . The probe, manufactured by the Institute of Fluid Mechanics at the Technische Universität Braunschweig, Germany, follows the following compromise: smaller cone angles or "sharper" tips are more sensitive and the pressure coefficients of the probe react more strongly, if the angle of the inflow tilts. In other words, a small change in the angle of the airflow results in a higher change in the pressure readings, if the probe's tip is sharp rather than bluff. The downside of sharp probe tips are smaller maximum angles that can be measured and a higher dependency on the Reynolds number. The sensitivity of spheres can be compared with cone angles φ > 60 • and can be used for flow angles of up to 40 • and more. The precision around ±5 • flow angle, where the measurement with UAS and manned aircraft is most important, is worse. Considering turbulence measurements with a fully exploited frequency response of the tubing and the pressure transducers, a tip diameter of 4 mmwas chosen, since the tip diameter should be kept significantly smaller than the smallest eddy that can be resolved [39] . To find a relationship between the measured pressure differences dP i and the airflow angles α and β, as well as the dynamic pressure q and static pressure p at any airflow angle within the calibration range, wind-tunnel calibrations were conducted. Previous efforts to measure the 3D wind vector with a similar five-hole probe were made e.g., by [7] with the Mini Aerial Vehicle (M 2 AV). The study by Wildmann et al. [6] , who were using the MASC, improved the frequency response and accuracy of the probe by using a different tubing between the pressure holes of the five-hole probe and the pressure transducers, and by applying dimensionless calibration coefficients according to Treaster and Yocum [40] . The same setup as by Wildmann et al. [6] is also used in this study and the description of the holes, the dimensions, the schematic tubing and a picture of the probe's tip are given in Figure 2 . To find a relationship between the measured pressure differences dP i and the airflow angles α, β, as well as q and p, a polynomial fit is applied and dimensionless coefficients [6, 40] are defined:
In the wind tunnel a dynamic pressure q c is set for the calibration and the static pressure p c is recorded. The dimensionless coefficients k α and k β are the variables of the polynomial functions for α, β, k p and k q , whereas k p and k q are correction values for the measurement of q and p with regards to the airflow angle at the probe. The probe, when used as pitot-static tube, would not be independent of the flow angles, since the aerodynamic design of the probe's tip is unsuitable for that. The aim of the calibration is to find the functions f x (k α k β ) to calculate α, β, k p and k q from the pressure readings of a flight experiment:
For all the four functions f x , a polynomial fit is selected with a specific set of parameters c x for each function. The functions f x (k α , k β ) can be determined from the scalar product of the two vectors
whereas c x is a constant parameter vector with, in this case, the parameters for m = 9 and a polynomial of 9th order. The goal of the calibration procedure is to determine the four parameter vectors c α , c β , c q and c p . They are estimated from the calibration data, consisting of the quantities α, β, k α , k β , k q and k p . Both α and β are changed from −20 • to 20 • , in steps of 2 • , resulting in 21 × 21 data points. This leads to an overestimated system of equations that is solved with a least squares method for the unknown parameter vectors c x . The solution c x is the best fit of the least squares method and is used to estimate velocity and flow angles in arbitrary flows by converting the instantaneous pressure measurements at each hole of the probe to instantaneous ∆P, k α , k β according to Equation (7) . Subsequently, α, β, k q and k p are calculated with
and finally, the static pressure p and the dynamic pressure q are calculated by using Equation (7) and solving for p and q:
Wind-Tunnel Measurements
Since the reference side, or low-pressure side, of the differential pressure transducers for the calibration is well out of the turbulent self-similar round jet [41] , there is no difference between the ambient pressure in the facility and the static pressure inside the flow field of the open jet during the calibration. The static pressure difference during the calibration is therefore ∆p c = 0. The airspeed v c is constant throughout the calibration and continuously monitored with an independent measuring system. The ambient pressure p baro , the airspeed v c , as well as temperature and relative humidity are recorded continuously. The probe head blockage was 0.02% of the nozzle exit area, which has a diameter of 0.2 m and the calibration is therefore not influenced according to Dominy and Hodson [22] . The calibration apparatus ensures that the probe's tip is always in the same position for all angle combinations during the calibration. This middle section of the open jet stream was analyzed prior to the calibrations. The turbulence intensity, calculated with a 10 min time series of the central hole dP 0 at α = β = 0 • , for v c = 22.5 m s −1 , yields 0.04%.
MASC and the Methods for Deriving Mean Values and Turbulence Statistics
The environment-physics group at the Center for Applied Geoscience (ZAG), University of Tübingen, Germany, designed and built the research UAS MASC (see Figure 3) . Together with the ground control station for the autopilot and the sensor system, MASC is classified as UAS. MASC [6] is an electrically propelled single-engine (pusher) aircraft of 4 m wing span and weighs about 6 kg, including 1 kg scientific payload. Height, flight path and all other parameters of flight guidance are controlled by the autopilot system PixHawk 2.1. The scientific payload consists of several subsystems to measure the 3D wind vector, air temperature and water vapor, including a fast thermometer (fine wires, see [42] ), a five-hole flow probe [7, 39] and an INS called Ellipse2-N by SBG-systems. All sensors are sampled at 100 Hz and measure atmospheric turbulence. Considering the individual sensor inertia, a final resolution of about 30 Hz is achieved and thus, small turbulent fluctuations are resolved, while the Nyquist theorem is fulfilled. Typical flight patterns with MASC (these are common flight strategies for any research aircraft) are horizontal straight and level flights (so-called legs) both at constant height or stacked at various flight levels. These flight legs are used to calculate turbulence statistics and turbulent fluxes (e.g., [43, 44] ), spectra, mean values but also the influence of surface heterogeneity and orography on the lower atmosphere. Two consecutive straight legs including the turns (a full round) are referred to as racetrack. The probe (five-hole probe, see is measured with a pressure transducer and the influence of the density of the air is not considered. As a rule of thumb, the true airspeed equals the IAS under ISA conditions, and with increasing altitude, round about every 300 m, the true airspeed is 2% higher than IAS. The actual true airspeed is calculated in the post-processing and may vary significantly if the altitude changes during the experiment. The Reynolds number cascade measured in the study of Dominy and Hodson [22] ranges from 4 × 10 3 < Re < 500 × 10 3 and identifies formally the effects of flow separation from the body of the probe or from the leading edge. Especially for the lower Reynolds numbers towards Re = 4 × 10 3 , flow separation becomes sensitive and it has been demonstrated that artificial turbulence in the wind-tunnel influences the measurement generally for Re < 20 × 10 3 . Three flights were chosen for this study. The first flight experiment (in the following referred to as ISOBAR) was conducted during the ISOBAR campaign, which was described by Kral et al. [33] , presenting the numerous measurement systems of the campaign. The second flight (in the following referred to as COMPLEX) was conducted in complex terrain near Schnittlingen on the Swabian Alp in the South of Germany. This flight was also used by the study of Wildmann et al. [24] , who investigated the flow field in the vicinity of the apparent test field for wind energy. The horizontal windspeed v h is calculated with the wind vector components u and v by
The variance of a variable X is calculated, using Reynolds decomposition where the fluctuations X are separated from the mean X, with
where N is the number of data points and X denotes the average of the variable within the data window or, in this case, within the individual flight leg. The covariance Cov(X, Y) of two variables is calculated respectively by
The turbulent kinetic energy TKE is calculated with the velocity fluctuations (variances) Var(u), Var(v) and Var(w) of the wind vector components
and equals the turbulent normal stress. The integral length scale L [35, [45] [46] [47] is calculated by multiplying the integral time scale I with the mean true airspeed of the flight leg. The integral time scale I(v h ) of, for instance, the horizontal windspeed v h is defined by
and multiplied by the mean true airspeed | u a |
to get the integral length scale L(v h ). The integral time scale I is the autocorrelation function of the variable and calculated by integration from zero lag to the first crossing with zero at τ 1 [47] .
The integral length scale of the vertical wind vector component L(w) is calculated respectively, with I(w) multiplied by | u a |. The integral length scale can be interpreted as the typical size of the largest, or most energy-transporting eddy.
Results and Discussion
Firstly, this study investigates the magnitude of deviations of mean values and turbulence quantities, when measuring with a calibration that does not exactly match the airspeed during the experiment. To some extent this is not avoidable, since turbulence and non-stationary flow causes the UAS to accelerate and decelerate due to its momentum, drag, and the flight-mechanical properties. To evaluate that, the deviations when calculating mean values and the deviations when calculating turbulent quantities must be considered. It is impossible to setup an experimental study in the wind tunnel, since atmospheric turbulence cannot be artificially produced in a representative way. Qualitative studies in the wind tunnel, where the turbulence intensity increased consecutively, showed that the flow separation on the probe's tip is influenced, especially for Re < 20 × 10 3 [22] .
The second main issue of this study is the desired flexibility for the cruising airspeed of the autopilot and a procedure to compensate for deviations between the airspeed of the calibration and the flight experiment.
Polynomials at Different Reynolds Numbers
To investigate the deviations when calculating mean values from calibrations at different airspeeds, the data from the wind tunnel is already giving insight. In Figure 4 , the results of three calibrations in the wind tunnel are presented. The polynomials were recorded at airspeeds of v c1 = 15 m s −1 , v c2 = 22.5 m s −1 and v c3 = 28 m s −1 , yielding, with the apparent ambient pressure, temperature and humidity in the wind-tunnel facility, Reynolds numbers at the probe's tip of Re v1 = 3695, Re v2 = 5538 and Re v3 = 7031. The high speed v c3 is the maximum for the used sensor system, because the maximum differential pressure of the front hole is 500 Pa. The low airspeed of v c1 = 15 m s −1 was chosen to mark the lowest expected airspeed of the measurement, since the cruising airspeed of MASC can be set as low as ≈18 m s −1 and during turbulence the airspeed can reduce further. The plots show the 21 × 21 dimensionless coefficients k α , k β plotted for α and β in steps of 2 • from −20 • to 20 • . The comparison in Figure 4 already reveals how important a consideration in this margin of Reynolds numbers is. Especially for angles ≥±10 • the differences are obvious. Since the calibration map for Re v1 = 3695 is uniform and almost linear throughout the whole span from −20 • to 20 • , the sensitivity throughout the whole domain is nearly constant, yielding that this airspeed is better for the measurement, than higher airspeeds. The polynomials of Re v2 = 5538 and Re v3 = 7031 become skewed and therefore less sensitive for higher α and β. This means that a change in α and β of e.g., 2 • corresponds to a smaller change in the pressure readings. The map of k α and k β is best in terms of precision, if it spans a wide grid and if it is uniform throughout the domain of definition. The following behavior of k q at v c1 , v c2 and v c3 is stated:
• The dynamic pressure coefficients k q for v c2 and v c3 are close together, but k q for v c1 lies below and has a larger offset. • It is concluded that the polynomials of k q and k p for v c1 is the most robust for tilted flow, since the curves for v c2 and v c3 have a stronger gradient between α/β ≤ −10 • and α/β ≥ 10 • .
The curves of the static pressure coefficients k p , when compared between the three angles of attack α, change their characteristics in a similar way for all three calibration speeds, except for α = −10 • and v c1 . Here, the flow separation on the probe's tip behaves differently. For α = 20 • , the curves of k p for v c1 and v c2 have a local minimum at β = 0 • , but v c3 does not. Generally, the static pressure measurement is the most sensitive compared to k q and the measurement of α and β themselves in tilted flow [6] and when looking at Figure 5 it becomes clear that the dependency on the Reynolds number is also very high. Generally, the static pressure is an elaborated task, since many influencing factors disturb the measurements [48] and only trailing cones can reliably measure the undisturbed static pressure from an aircraft. Therefore, further evaluation considering the true static pressure estimation is not made in this study. The best calibration polynomials can be calculated from the calibration at v c1 , since k q and k p in Figure 5 , and also k α and k β in Figure 4 , are the most uniform throughout the domain of definition. The enhanced skewness of k β over k α in Figure 4 , for v c2 and v c3 , leads to more skewed polynomials for k q and k p . It is concluded that the calibration reacts strongly to changes of the Reynolds number for both k q and k p , as well as for k α and k β . Section 3.4 discusses the application of the interpolation between polynomials to increase the precision, and the use of an independent pitot-static tube is suggested. Doing so, the determination of the true airspeed and the static pressure with the five-hole probe becomes obsolete, since a pitot-static tube can measure theses quantities more reliable in tilted flow and for varying Reynolds numbers and with almost no calibration effort.
In-Flight Calibration of the Wind Measurement
The aerodynamic coordinate system and the body-fixed coordinate system have the same origin, but a misalignment between the multi-hole probe's orientation and the aircraft cannot be avoided, and a correction must be applied. Therefore, three offset corrections for Φ (roll), Θ (pitch), and Ψ (yaw or heading) must be determined. A forth correction factor f tas for the norm of the true airspeed vector | u a | must be determined to account for the calibration in the wind tunnel, which never matches exactly the conditions during the measurements, since the calibration of the whole UAS including the engine etc. is not feasible and especially because the reference side of the pressure transducers have the ambient pressure of the wind-tunnel facility as reference during the calibration, and because in-flight, the pressure inside the fuselage is the reference for the pressure transducers. The procedure to calculate the correction factors was explained in detail by Van den Kroonenberg et al. [7] . The assumption for the in-flight calibration are a constant mean horizontal wind, a mean vertical wind near zero and low turbulence or turbulent transport. This allows a comparison of the wind components for two consecutive straights in opposite directions (star pattern), or identical legs in reverse direction. This procedure yields the correction offset ∆Ψ for the yaw angle, ∆Θ for the pitch angle and the correction factor f tas for the norm of the true airspeed | u a |. The offset ∆Φ for the roll angle is set to zero and can be, according to Van den Kroonenberg et al. [7] , neglected, since the influence on the wind components is very small. The offsets ∆Ψ and ∆Θ are applied to the transformation T gb in Equation (5) and the factor f tas is multiplied with the norm of the true airspeed vector | u a | in Equation (4) . To ensure comparability between the three calibrations, the correction offsets and factors are determined in the exact same way. Meeting the assumptions of constant wind and zero vertical wind is always a delicate task. For the flights ISOBAR and COMPLEX, the three pairs of consecutive legs on the highest flight level were chosen to calculate the correction offsets and factors. The average of those was calculated and applied to the whole flight. The results for the three calibration polynomials are written in Table 1 . The WAKE flight uses fractions of two consecutive racetracks on 125 m AGL that were not disturbed by the wake of the turbine. These fractions of the legs represent the free stream, passing the wind turbine. The averages of two pairs were taken and the results are also written in Table 1 . Table 1 shows that the offsets ∆Ψ and ∆Θ are in the same range for all applied calibrations and vary ≈1-6 • between the flights. This is mainly due to the previously described misalignment of the probe and the UAS. The correction factors f tas for the true airspeed vary systematically for the three calibrations, since the values smaller than 1 were calculated for the calibration speeds v c1 for all experiments, causing a reduction of the true airspeed. The values of f tas for v c2 are slightly bigger, or equal to 1, and the values for v c3 are again higher. This is expected, since k q in Figure 5 is significantly lower for v c1 and the actual true airspeed of the measurement was set to 22.5 m s −1 for the autopilot. The results for the correction factors f tas for v c2 and v c3 follow the same logic, but differ less significant, since the curves for k q in Figure 5 are also closer together. The level of the three correction factors f tas when inter-compared between the experiments also differs, which is mainly caused by the thermodynamic differences, or differences in the density of the air, and by the airspeed setting of the autopilot, which is also affected by that, and generally not precisely calibrated. The actually measured true airspeeds during the individual flight experiments, as well as an overview of the persisting meteorological conditions, are written in the Tables 2-4. Two things are very important to be noted here. All correction factors do influence each other to some extent and are not independent, but since they are all derived in the exact same way, the comparison in terms of deviations between the calibrations is not affected by that. On the other hand, it cannot be stated that there were no general offsets caused by the correction factors. This remains as an uncertainty and is subject to the overall conclusion and recommendations for future measurements. To show the influence of a big and sudden change in airspeed, when passing through tip vortices and the windspeed deficit of the wind turbine, the WAKE flight is analyzed in the Figures 14-17 . The time series of the whole transect for several quantities of the measurement system is given in Figure 15 , and a zoom into the first passage in the vicinity of a tip vortex, is given in the The deviations when using the calibrations at v c1 and v c3 , which do not fit the actual airspeed of the measurement, reveal their influence on the calculation of mean values. Generally, the influence on windspeed and direction, averaged over the whole leg, can be rated as small. The maximum deviation is 0. The profiles of TKE and the Var(w) in Figure 7 show a uniform distribution for the SBL, where turbulence is suppressed. With the persisting wind direction, the air mass had a fetch of at least 50 km over the frozen Bothnian Bay, which is homogeneous terrain that cools the air above it. The surface layer forms due to friction, and TKE and Var(w) increase towards the ground. Another source of turbulence is the top of the surface inversion, where the geostrophic wind causes shear between the layers. This is also reflected in the measurements, since the TKE on 125 and 150 m AMSL is increased and the Var(w) too, although little. Here, the deviations when applying the calibration at v c1 and v c3 do have a clear trend. Higher turbulence towards the ground causes higher deviations, but a constant relative deviation does not exist. The relative deviations vary randomly between almost 0% and up to 20%.
The covariances Cov(w, u) and Cov(w, v) in Figure 8 are used to estimate the turbulent momentum flux and are also directly influenced by the calibration of the five-hole probe. The values between 75 and 250 m AMSL are close to zero, indicating that there was no significant vertical flux of momentum. On the highest flight level, the temperature and windspeed profiles indicate a change of the wind field, which is also visible in the profile of covariances. In the surface layer, a negative momentum flux towards the surface is expected. The lowest leg on ≈25 m AMSL gives a negative flux, but the next flight level has a slightly positive flux and is already influenced by the shear above the surface-based inversion [49] . Certainly, one would have to transform the coordinate system into the main wind direction for further analysis. The resolution in the surface layer is unfortunately too small to be able to give sufficient insight into the momentum flux, but it is remarkable that MASC can measure consistently small values close to zero without outliers. The deviations of the covariances are generally high and especially for the two height levels above the ground. The peak value for Cov(w, u) on the lowest flight level has relative deviations of 30% and 35% and for the covariance Cov(w, v) on 54 m AMSL, the relative deviation is almost 100%. This time, the deviations, when using the calibration at v c3 , do result in a higher deviation, than using the calibration at v c1 . This is not the case for the other parameters. There was no reason found for that and the amount of data is not sufficient to draw further conclusions. The integral length scale L is an important criterion to judge, whether the time series and the fetch of the measurement was long enough to measure turbulence representatively, and to estimate turbulent fluxes [50] . Besides, the statistical error can be calculated according to Mann and Lenschow [51] . The L was calculated for the vertical and the horizontal wind in Figure 9 . The profile of L(v h ) reflects the previously described structure of the ABL, according to the turbulence regimes in the different layers. The turbulence regime in the surface layer has a strong gradient but is poorly resolved. The layer above, driven by shear, inherits the biggest structures for the horizontal wind components, and in the third turbulence regime towards the highest flight levels, L(v h ) increases again. Here, also L(w) increases. With a length of the legs of about 1200 m and a maximum L of 75 m, the biggest eddies of the flow are sampled at least 15 times. The L(w), in general, is small, since the ABL is stably and neutrally stratified. On the one hand, the deviations of L(v h ) are slightly higher if the actual values are high. However, no trend for the absolute or relative deviation, either towards the calibration at v c1 nor the calibration at v c3 can be identified. Although the turbulent kinetic energy and the variance of the vertical wind on the lowest level is increased, the deviations of the L on the lowest level are not. This is another indication that airspeed variations must be considered and that the calibration of the probe is of major importance for the turbulence statistics, since the random nature of turbulence does not allow for simplifications, causing high uncertainties. Unavoidable airspeed fluctuations during the measurement do influence the turbulence measurements, and significant offsets between the airspeed of the measurement and the airspeed of the calibration must be considered. The influence for turbulence statistics is significantly higher than for mean values. 
High Turbulence in Complex Terrain (COMPLEX)
The mission of the COMPLEX flight was the investigation of a test site for wind energy in complex terrain. The test site is located on the Swabian Alb, in the South of Germany, near Geislingen an der Steige. The plateau, where the potential site for wind turbines is located, is about 200 m elevated from the valley and in the vicinity of a crest (or escarpment) that is located westerly. The study of Wildmann et al. [24] investigates the flow field using MASC and the studies of Knaus et al. [52] and Schulz et al. [53] compare MASC measurements with numerical simulations, LiDAR and meteorological tower measurements. The COMPLEX flight in this study was conducted in the afternoon of the 27 March 2015 between 13:02 and 13:46 UTC in convective conditions with cumulus overclouding, westerly wind directions and 8 to 9 m s −1 mean windspeed. The ISOBAR flight in Figure 6 and the COMPLEX flight in Figure 10 were chosen, because the windspeed has about the same magnitude, making this comparison significant when analyzing the substantially different turbulence regimes of these flights. This flight is one of the 18 flights of the study by Wildmann et al. [24] and was also used in the comparisons [52, 53] . The wind field in these conditions is strongly influenced by the crest, which is overflown forth and back with an orientation of the flight path of ≈285 • for the headwind legs. The lowest flight level is 75 m above the take-off position on the plateau of the Swabian Alp, which corresponds to about 790 m AMSL. After the lowest level, MASC ascended in steps of 25 m to 1015 m. The length of the legs is about 1000 m. In dissociation of the study of Wildmann et al. [24] , investigating the wind field, in this manuscript, the mean values and turbulence statistics are calculated from the whole leg. To study the wind field, Wildmann et al. [24] split up the legs into certain windows, but for the analysis of deviations due to airspeed variations, the total length of the time series is used for the calculations. The length of each leg was about 1000 m and, to foreclose argumentation concerning the turbulence statistics, with an L of up to 200 m, the turbulent flux of momentum cannot be calculated representatively with a single leg. In this wind field, essentially influenced by the crest, it is more explicit to interpret the covariances as the off-diagonal components of the Reynolds stress tensor and the variances of the wind components as the diagonal components [41] . Standard ABL profiles cannot be expected. Previous studies showed Wildmann et al. [24] , Knaus et al. [52] that normalization and averaging with several flights in similar conditions, yields representative local features of the wind field, by averaging out transient flow features and convection. Nevertheless, to argue the deviations when applying different calibrations of the five-hole probe, the turbulent conditions are insightful and in comparison with the rather calm conditions of the ISOBAR flight, the influence of airspeed variations becomes distinct.
An overview of the conditions during the COMPLEX flight is given in Table 3 . The potential temperature profile in Figure 10 Figure 12 are, with up to −0.75 m 2 s −2 , by a factor of 30 higher than for the ISOBAR flight. At a first glance, one would expect an upward transport of momentum due to the upwind, caused by the crest. This is true, if fractions, or windows of the legs that represent specifically the footprint of the crest are analyzed. Since only less than a third of the legs inherit an up-draft, and the downstream part of the wind field re-attenuates to the plateau, the mean direction of the momentum in the lower five flight levels is oriented downwards. Above 925 m AMSL, in the upper persistent layer, the stresses are closer to zero. In dissociation to the turbulent kinetic energy and the variance of the vertical wind component, the covariances depend strongly on the calibration of the five-hole probe. With relative deviations of more than 100% it is delicate, in terms of airspeed variations, to measure reliably covariances in high turbulence. It is interesting to see that the deviations for TKE and Var(w) do not scale with the magnitude of the value, since the ISOBAR flight in low turbulence shows deviations of up to 20% and the COMPLEX flight in very high turbulence, only a maximum of 4%. The deviations of the covariances, on the other hand, do scale with the actual value and are, by a factor of ten, higher than for the ISOBAR flight. It is concluded that airspeed variations cause disproportionately high deviations for these statistical moments of second order, since the covariances are calculated from the turbulent part of two quantities. The plot of L in Figure 13 inherits also the two layers below and above 925 m AMS, with very small values for L(w) on the two lowest levels, where also the deviations of those are very small. The reason is that close to the ground, the scales of the vertical wind are small and cannot grow due to the surface underneath. The L(v h ) is, with ≈100 m, quite constant in the lower layer and varies more in the higher layer. This is inversely correlated with the TKE and the Var(w) which is also the case for the ISOBAR flight in the highest two legs. While the influence of the surface decreases, patterns of the geostrophic wind become dominant, shifting the spectrum of the turbulent features towards bigger structures. The influence of the calibration polynomials at v c3 and v c1 in the right-hand subplot of Figure 13 are asymmetric. The calibration at v c1 deviates more than the calibration at v c3 , both for L(v h ) and L(w), whereas the opposite behavior occurs for the covariances. The ISOBAR flight does not show this behavior. There was no explanation found for that and it is concluded that airspeed variations must be considered, especially for the calculation of covariances and integral length scales.
To some extent, the absolute deviations of all turbulence quantities show a trend, since high values cause higher deviations and vice versa. For the ISOBAR flight this is also indicated, but less obvious. The trend for the absolute deviations is overlain by the random nature of turbulence and relative deviations do neither have a trend, nor do absolute and relative deviations correlate with each other. Therefore, airspeed variations, or variations of the Reynolds number on the probe's tip during the measurement, clearly randomly influence the result. The airspeed of the calibration of the probe is of major importance, especially for statistical moments of second order and particularly for covariances and integral length scales of wind vector components. 
Transect of the Wake of a Wind Turbine (WAKE)
The third flight was performed to study the wind field around wind-energy converters (WEC). In the North of Germany, near Wilhelmshaven, the flow in the vicinity of an Enercon E-112 prototype turbine in the Jade Wind Park, close to the shore line of the German Ocean, was investigated. The helical hose of detaching tip vortices, growing and decaying gradually downstream the WEC, are of great interest, since numerical models show high uncertainties. However, field measurements of small-scale features of the wake and especially the tip vortex helix do not exist and MASC provides unique possibilities to sample in situ measurements of the small scales. A big uncertainty in models is the evolution of the tip vortex helix and decay-rates of the vortices in different atmospheric conditions. To be able to study these processes and validate numerical models, the uncertainties of the wind measurement must be analyzed precisely, since a transect through a tip vortex causes very high gradients of the wind vector components, involving sudden changes in airspeed and attitude of the UAS. The strategy to encounter the tip vortex is shown in Figure 14 , where the wake is crossed perpendicular to the mean flow from west to east. Dependent on the position relative to the WEC, the expected size, strength, and orientation of the tip vortices differ and coming along with, the chances to fly through or pass by a vortex.
To analyze the influence of airspeed variations, a transect on hub-height with a distance of one rotor diameter (1D) was chosen. The hub-height of the Enercon E-112 prototype WEC is 125 m AGL and the rotor diameter is 100 m. Figure 14 shows the flight path of MASC with the horizontal windspeed v h in the color code for a transect from west to east. The data is downscaled to 5 Hz. The displayed WEC is only a schematic model and does not have exact dimensions. The yaw angle of the WEC during the measurement is indicated by the 3D model. The wind direction and speed was about 25 • and 9 m s −1 for the leg on hub-height and in front of the WEC. The windspeed deficit is clearly visible in Figure 14 and the tip vortices can be identified.
Moreover, Figure 14 shows the schematic orientation of detaching tip vortices of a turbine blade, when considering the cross-section of a horizontal plane on hub-height. Here, it can be assumed that the cross-section of the vortex lies untilted (flat) in a horizontal plane through the center of the rotor. The measurement for this example is located 1D behind the WEC. Assuming that there is no deflection of the wake and the helix of vortices in any direction, the orientation of the vortex at 1D behind the WEC would be the same. The arrows indicate the position of the vortices that were encountered or passed with the flight leg. Assuming incompressible and divergence free flow, a vortex can be described by potential theory, where the velocity field is a simple function of the radius r of the vortex and the circulation Γ, which is the strength of the vortex. This is the basis for simple formulations to describe e.g., aircraft wake vortices [54] . If a tip vortex were traversed through the center, the tangential velocity would increase to its maximum at the core radius r = r c , and decrease to zero, when passing the center at r = 0, followed by another increase in the opposing direction to its second maximum at r = r c again. During the approach and after the vortex, outside r c , the tangential velocity increases and decreases until the mean flow dominates. This simplification is the basis argumentation for the analysis at which position the vortex was encountered in this study. Further definitions and criteria for vortices are given by Jeong and Hussain [55] .
An overview of the conditions during the WAKE flight is given in Table 4 . The wind vector components u, v and w, along with the horizontal windspeed and wind direction, the flow angles onto the FHP α and β, the true airspeed | u a |, the heading Ψ and the ground speed in east-west direction v g, ew are plotted as a time series in Figure 15 . The time series is the same data as in the Google Earth pictures in Figure 14 and shows the windspeed deficit of the wake. The true airspeed and all data in Figure 15 is calculated with the polynomial of v c2 = 22.5 m s −1 , which is off the actual airspeed, set for the autopilot. The averaged true airspeed and the standard deviation, calculated with the polynomial at v c2 = 22. Prior to the drop in the windspeed deficit of the WEC, v h in Figure 15 has a peak, indicating the encounter of a tip vortex. For the prevailing wind direction and with the previously described assumptions, the wind vector component v is almost oriented with the mean flow and u is perpendicular to it. The vector component v becoming more negative and u jumping from ≈−3 m s −1 back to zero indicates that the vortex center is located south of the flight path. Figure 16 zooms into this event and reveals that the core radius was encountered, since the magnitude of v h and v have a significant drop which is surrounded by two peaks. After the first vortex, the wind deficit of the WEC is crossed where turbulent conditions persist. The wind direction turns strongly in the middle part of the wind deficit and has the highest peak at the end of the wake, where another vortex was passed. This event looks different, but again, the vortex is located south of the flight path. The core radius was not reached this time. Generally, the vertical wind w is close to zero for the transect and for the first encounter of the vortex, but has a negative peak, when passing the second vortex. Therefore, the location of the vortex core is south and above the flight path, but the assumption that the cross-section of the vortex at hub-height is flat, might be not correct for this incident. Further analysis and a statistical approach with more data is needed. The middle subplot in Figure 15 shows the flow angles α and β in the aerodynamic coordinate system. The side-slip angle β and the angle of attack α reflect the situation and illustrate the importance of the calibration, since the flow angle onto the five-hole probe is strongly tilted during the transect of the wake and the calibration maps in Figure 4 show that especially for high α and β, the deviations are significant. The third subplot in Figure 15 gives insight in the motion of the UAS. Prior to entering the wake, turbulence causes MASC to accelerate, followed by a sudden drop when entering the wake. The autopilot increases the throttle and the airspeed increases again. This is also visible in the ground speed v g, ew of the UAS. The heading during 9 m s −1 cross wind is between Ψ = 60 • and 70 • , although the flight path is oriented along 90 • . When MASC enters the wake, the nose turns into the flight direction due to the windspeed deficit and after exiting the wake, the heading is gradually 60 • again. The ground speed implies the acceleration and deceleration due to the change between the mean flow and the wake of the WEC and inherits the reaction of the autopilot. Since the autopilot's throttle reacts much more slowly compared to the changes in the wind field, an overshooting is noticeable. The intense motion of the UAS illustrates the importance of considering airspeed variations, since the attitude, airspeed, and ground speed are highly transient.
In Figure 16 a zoom into the transect through the first tip vortex is displayed and the location of the tip vortex is indicated. The deviations between the three time series in Figure 16 , where the three polynomials are applied to the data and plotted together, are generally small where α and β are close to zero, and significant for higher absolute values of α and β. The curves of v h lie up to 1 m s −1 apart from each other and during the passage through the vortex, v c1 has the highest offset and after the vortex, v c3 deviates more. For the vector components, v has the highest offset of up to 1 m s −1 , mostly caused by the deviations in β while u deviates not more than 0.4 m s −1 . The vertical wind w shows almost no deviation, since the magnitude is with a maximum of ±2 m s −1 , small, and the mainly inherited quantity α with a maximum of 8 • , moderate.
The horizontal windspeed v h and the wind vector component v, show the expected behavior when crossing the core radius r c of the vortex. The deviations are moderate, when deriving qualitative features of the flow. For vortex models, the size of the core radius and the magnitude of the circulation Γ are of major interest, e.g., to validate numerical models or to study the decaying processes of vortices. Here, the deviation of almost 1 m s −1 for the wind vector component v between the calibration at v c1 and v c3 is significant and considering the changes in airspeed would decrease the uncertainty significantly. The actual airspeed variations are smaller than the difference in airspeed between the applied polynomials, and therefore the real deviation is smaller than 1 m s −1 for the wind vector component v for this transect, but other transects exhibited larger flow angles and bigger changes in airspeed, also violating the domain of definition for α and β from −20 • to 20 • . To cope with that, the airspeed setting of the autopilot can be increased to fly faster through the wake, and the domain of the calibration can be extended. This illustrates again that a flexible airspeed setting is needed, and that airspeed variations must be considered to decrease the uncertainty of the measurement. Figure 17 reveals, how sensitive the calibration of the dynamic pressure coefficient k q is. During high angles of β, while crossing the tip vortex, the true airspeed measurement is more than 1 m s −1 apart between the curves with the polynomials at v c1 and v c3 . The calibration polynomials in Figure 5 , where the significant difference for k q between the calibration speeds are obvious, explain the deviations of the true airspeed. Besides the general offsets between the three time series during the transect of the tip vortex, also the shapes of the curves differ. Also, the time series of the wind vector components in Figure 16 exhibit slightly different shapes when compared to each other, since the true airspeed is inherited in them, causing a contribution to the deviations. Further analysis is conducted in the following chapter, where a method of interpolating the polynomials is suggested and an independent flow probe for the true airspeed measurement is recommended. 
Interpolation of Polynomials and Independent True Airspeed Measurement for Improved Accuracy
Inspired by the study of Hartmann et al. [10] , which mentions a linear proportionality for the conversion of pressure readings to flow angles in a certain range of Reynolds numbers for measurements with the Rosemount R858 FHP, the following procedure to improve the accuracy while gaining flexibility and keeping the calibration effort small is suggested. The polynomials k c x from Equation (10) can be linearly interpolated with the Reynolds number between the three calibrations at v c1 , v c2 and v c3 . To demonstrate this, an interpolation between the polynomials at v c1 and v c3 onto the Reynolds number of Re v2 = 5538 was made:
The deviation between k c x, ipol and k c x, v2 can be analyzed directly from the wind-tunnel data. The polynomials, which are the best fit of the least squares method, calculated with the data of the calibration and Equation (9) , can be used to recalculate α and β from the pressure readings. Figure 18 shows the error when recalculating the angles α and β with the correct polynomial, the interpolated polynomial, the polynomial at v c3 and the polynomial at v c1 . The largest error is plotted in red and the root mean squared error from all recalculated data points of the calibrations is plotted in black. The fitted polynomial itself produces already an error, which is, with the largest error of 0.5 • for β and a root mean squared error of 0.1 • , small. The interpolated polynomial has a slightly larger error than the directly calculated polynomial at v c2 , but the improvement, when compared to the error when using the polynomials at the wrong airspeed, is high. The highest error for the interpolated polynomial is 1 • and if the polynomial at v c3 would be used, the highest error is more than 6 • . The root mean squared error for the interpolated polynomial is, with 0.4 • , higher than 0.1 • for the actual polynomial of the calibration. For the polynomial at v c3 , the root mean squared error for β is 0.9 • . Especially the maximum error can be reduced significantly with an interpolation between polynomials, but the root mean squared error is increased, indicating that the span of 13 m s −1 between v c1 = 15 m s −1 and v c3 = 28 m s −1 is too large for a reliable application of this procedure. For future applications, the span should be decreased, or the amount of calibrations increased. 
Outlook and Conclusions
The polynomials for α and β can be interpolated and the expected error, respectively the uncertainty, becomes smaller if the true airspeed of the flight experiment did not agree with the airspeed of the calibration. In practice this means that to perform an interpolation onto the Reynolds number, some sort of iteration is needed. Assuming, one calculates the mean true airspeed of one leg with an initial polynomial, calibrated at the nearest Reynolds number, requires at least one iteration step. After interpolating the polynomials with the initially estimated Reynolds number, the wind vector and the correction factors must be calculated again. Iterating only once, could be done in the future, if conditions similar to the ISOBAR flight, with moderate turbulence persist. The variation of the airspeed is relatively small and an offset of the mean true airspeed, calculated in the post-processing, could be accounted for, by interpolating the nearest two polynomials of the wind-tunnel calibration onto the actually persisting true airspeed of the flight leg. A single iteration allows for the correction of the desired, and not precisely set airspeed of the autopilot, which does not account for the density of the air. Furthermore, this procedure allows for the desired flexibility of the set airspeed and the mission can be adapted according to the prevailing conditions. Considering the COMPLEX flight, where the highest and lowest true airspeed was | u a | = 28.59 m s −1 and 20.14 m s −1 and the standard deviation measured on 915 m AMSL was | u a | = 24.21 ± 1.14 m s −1 , iterating once with the mean value of the whole leg can be reviewed. Applying an iteration on windows of a certain size may be applicable and a hyperbolism of this would be an iteration for every time step. The authors do not recommend that, since the sensitive calibration polynomials of k q would be the support of the interpolation.
If the support of the interpolation, namely the Reynolds number of the flow over the probe's tip, is independently measured, the results can be improved. Standard pitot-tubes can measure the dynamic pressure in tilted airflow independently. High angles of attack onto the pitot tube influencing the measurement of the dynamic pressure, could be even corrected with the flow angles, measured by the five-hole probe. The range of airspeeds, respectively Reynolds numbers, with three polynomials between v c1 = 15 m s −1 and v c3 = 28 m s −1 is large and must be decreased or improved upon, by measuring e.g., 5 polynomials. For quantitative studies of turbulence and single features of the wind field of interest, the uncertainty, coming from the wind vector measurement with FHP, can be decreased by interpolation of the polynomials for α and β and by using a pitot tube to measure the true airspeed independently. Many sensor systems used for 3D wind vector measurements with multi-hole probes already use pitot-tubes for the autopilot system and an integration of the presented algorithm is a rather simple task. Furthermore, the correction factor f tas can be set to 1, opening further possibilities for the in-flight calibration, since one quantity in the system of equations, yielding the correction offsets, becomes distinct.
Not only the calibration of the five-hole probe influences the wind vector measurement, but also the INS, which measures the attitude and the GNSS-velocities of the UAS. Although the data of the attitude and the Kalman-filtered GNSS-velocities is given at 100 Hz, it is unknown, whether the resolution of the measurement influences the results. Following that, it is possible that the INS behaves differently, when flying through different turbulence regimes and that a correlation with turbulence influences the measurement of the wind vector. After implementing the interpolation of the polynomials for α and β and an independent measurement of the dynamic pressure, the influence of the measurement of the attitude and GNSS-velocities of the UAS must be analyzed. The precision, uncertainties, and influencing factors of commonly used INS for wind vector measurements with multi-hole probes on UAS is widely unknown.
It is concluded that variations of the true airspeed cannot be avoided, since non-zero vertical wind and varying horizontal wind causes the UAS to accelerate and decelerate. A proportionality with the momentum of the UAS, the aerodynamic drag, and the flight-mechanical properties persists. The commands of the autopilot balance the reaction of the UAS, causing variations of the true airspeed. Moreover, the setting of the cruising speed cannot be made precisely prior to the flight, since the density of the air is not considered by the airspeed measurement of the autopilot. Additionally, flexibility for the cruising speed of flight experiments is desired, to sample denser by flying with lower airspeed, or respond to high windspeeds or extreme turbulence, by increasing the airspeed. Three calibration polynomials at v c1 = 15 m s −1 , v c2 = 22.5 m s −1 and v c3 = 28 m s −1 were applied to three flights in different atmospheric conditions in order to investigate the influence on the calculation of mean values and turbulence statistics of horizontal flight legs and the influence on the high-resolution wind measurement during single events with large changes of the airspeed. The ISOBAR flight in a stably SBL with low turbulence was presented and compared to the COMPLEX flight in high turbulence over complex terrain. The mean values of windspeed and direction, calculated over one flight leg, are robust against changes of the true airspeed, widely independent of the intensity of turbulence, and generally small. The turbulent kinetic energy and the variances of the vertical wind component show relatively small deviations when applying the different polynomials, but the covariances and the integral length scales are sensitive. Airspeed variations of the UAS during measurements, and differences of the Reynolds number of the probe's tip between the calibration and the measurement, influence the results of the turbulence measurements randomly and it is not feasible to quantify the uncertainty, neither in general, nor for the individual statistical moments. Moreover, the uncertainties for flux calculations are high for turbulent conditions and for stably SBLs, where small fluxes distinguish important characteristics. The analysis of the WAKE flight showed the mechanism of the influence of the calibration of the probe, revealing that the calibration of the dynamic pressure coefficient k q and the subsequent calculation of the true airspeed contributes strongly to the uncertainty. The deviations for a transect through the wake of a wind turbine and through a tip vortex were analyzed and if the size, orientation, and strength of a tip vortex is evaluated quantitatively, deviations must be expected, if the airspeed of the measurement varies strongly and does not match the airspeed of the calibration.
To decrease uncertainties, to keep the calibration effort proportionate, and to gain flexibility for missions in terms of cruising airspeed, the interpolation of polynomials for the angle of attack α and the side-slip β in combination with an independent true airspeed measurement with a pitot tube is recommended. 
